CARDIOVASCULAR adjustments in chronic severe anemia have been the subject of several studies,1-'5 few dealing specifically with the hemodynamic aspects. [10] [11] [12] [13] [14] [15] In this communication we report our observations on the cardiac output and circulatory dynamics in chronic severe anemia and the hemodynamic response to the correction of the anemia. This study was undertaken in an attempt to answer the following three questions: 1 . Do patients with chronic severe anemia have hyperkinetic circulatory states? 2. Which of the various factors like heart rate, stroke volume, velocity of blood flow, right heart filling pressure, and peripheral vascular resistance determine the high cardiac output?
3. What changes are seen in the eirculatory dynamics when the anemia is corrected?
Case Material Hemodynamic studies performed in 51 patients with anemia of at least 4 months' duration and a hemoglobin value of 6.5 Gm. per 100 ml. or less (range 1.5 to 6.5 Gm., average 3.7 Gm.) form the basis of this report. Anemia was due to ankylostomiasis in 45 patients and due to varied etiology in the remaining six patients. The 28 male and 23 female patients were between 13 and 60 years of age and averaged 34 years. Only patients who were hospitalized until the hemoglobin rose to at least 10 Gm. per 100 ml., and in whom no evidence of associated cardiovascular disease could be detected after the treatment of the anemia, were included in this study.
To determine if hemoglobin level per se affects the circulatory dynamics in chronic severe anemia, subjects were arbitrarily divided into two groups: group A, with hemoglobin of less than 4.0 Gm. per 100 ml.; group B, 4.0 to 6.5 Gm. There were 26 patients (12 male, 14 female) in group A and 25 (16 male, 9 female) ages of the two groups were 30 and 39 years respectively (table 1) .* Methods Patients were studied in the fasting state without sedation or blood transfusion. Venous catheterization was performed in the usual fashion, the right femoral artery being cannulated to obtain arterial blood pressure and dye curves. Cardiac output was estimated simultaneously by the Fick and dye methods. Oxygen consumption was measured directly on a metabolar (McKesson); the subject inhaled oxygen steadily for a measured period of 6 minutes, simultaneous blood samples being drawn slowly over a period of 1 minute from pulmonary and femoral arteries at the end of the third minute of oxygen consumption. The oxygen contents of arterial and mixed venous blood were analyzed by microgasometric technic.16
Dye-dilution curves were obtained directly on a polyviso channel through a continuous recording densitometer (Colson) by injecting 15 to 20 mg. of 0.5 per cent indigo carmine dye in the main pulmonary artery, and cardiac outputs were calculated by the Hamilton-Stewart formula.'7 The satisfactory agreement between dye and Fick estimates of cardiac output as observed in this laboratory has already been reported.18
Right heart and femoral arterial pressures were recorded through Statham P23Db strain-gage manometers on a 4-channel photographic system. The baseline for all pressure measurements was taken as half the chest thickness at the second costal cartilage with the patient supine.'9 The effects of peripheral vasoconstriction on the eirculatory dynamics were studied in 11 patients bv infusing methoxamine hydrochloride (0.03 to 0.04 mg. per Kg. per minute) to elevate the femoral arterial mean pressure by at least a fifth of the resting values for periods of 10 to 20 minutes. In three subjects hemodynamic response was also observed The circulatory changes after the correction of the anemia were observed in 11 subjects by cardiac catheterization when the hemoglobin level rose to 10-12.5 Gm. per 100 ml. It was also possible to re-estimate the cardiac output by peripheral dyedilution technic in another 14 subjects after treatment of their anemia.
Results
Hemoglobin Values, Heart Rate, Cardiac Output, and Stroke Volume The heart rate, cardiac output, and stroke volume in general appear to be higher in subjects with relatively lower hemoglobin values (table 2, fig. 1 ). Thus 17 subjects (65 per cent) in group A and only eight (32 per eent) in group B have heart rates of 100 or more per minute, 25 patients (97 per cent) in group A compared to 15 (60 per cent) in group B have a cardiac index exceeding the upper limit of our normal values (5.0 liters per minute per square meter of body surface area) and the average value of stroke index of group A subjects is 20 ml. per beat per square meter greater than that of group B patients. It should be noted, however, that for any individual subject the heart rate, cardiac output, or stroke volume cannot be predicted from the hemoglobin level. For example, the heart rate of case 3, with a hemoglobin of 2 Gm. is 65 a minute, whereas that of case 45, with a hemoglobin of 5.5 Gm., is 120. Similarly, case 13, with a hemoglobin of 3 Gm., has a cardiac index of 4.9 liters per minute per square meter of body surface area, which is 30 per cent less than the car-Circulation, Volume XXVIII, September 1963 diae index of ease 48, with a hemoglobin of 6 Gm., and the stroke volume of case 13 is less than half that of case 48.
Hemoglobin Values and Oxygen Data
Data of oxygen consumption, extraction, and transport values of 42 patients, 21 from each group (table 3) , indicate that there is no significant difference in oxygen consumption values between the two groups, but, on the average, 8 per cent more oxygen is extracted by the tissue in group A patients and the average oxygen transport value of group B subjects is 60 ml. higher than that of group A. Here again, as with heart rate and cardiac output, for any individual patient, oxygen extraction or transport value cannot be correlated to the hemoglobin level. Thus case 5, with a hemoglobin of 2.5 Gm., is shown to extract only 33 per cent of 450 ml. of oxygen transported per minute per square meter of body surface area, whereas in the same period case 45, with a hemoglobin of 5.5 Gm., extracts 67 per cent of 216 ml. of oxygen. However, there is correlation between oxygen extraction and oxygen transport values ( fig. 2 ). It appears that a greater percentage of oxygen is extracted by the tissue when less of it is transported.
Heart Rate, Stroke Volume, and Cardiac Output
The heart rate does not appear to determine the cardiac output as demonstrated by five patients with a heart rate of 90 a minute and cardiac indices ranging from 3.9 to 12.3 liters per minute per square meter ( fig. 3 ). Nevertheless, it should be noted that as a group, patients with tachyeardia have a higher cardiac output than those with normal heart rate. Thus 10 minute have a cardiac index exceeding 5 liters per minute per square meter in contrast to only eight of 13 (62 per cent) with heart rates of 80 or less per minute (table 2) . On the other hand, satisfactory correlation seems to exist between cardiac index and stroke index as shown in figure 3 .
Velocity of Blood Flow and Cardiac Output
The average dye-appearance time of 5.5 seconds (range 3.0 to 10.0 seconds) from the main pulmonary to the right femoral artery as observed in 47 subjects is definitely less than values obtained in 65 healthy volunteers -average 7.5 seconds; range 6.5 to 10.5 seconds. However, the cardiac output cannot be directly related to the appearance time of the dye from the main pulmonary to the right femoral artery. This is documented by the five patients with identical dye-appearance time of 7 seconds and variable cardiac indices of 4.1 to 8.9 liters per minute per square meter.
Oxygen Data and Cardiae Output
The average arteriovenous oxygen-difference value of 22.5 aud 30 ml. per liter (range 10 to 40 ml. per liter) of groups A and B (table 3) is significantly lower than the average value of 41 ml. per liter (range 32 to 64 ml. per liter) obtained by studying 65 nornmal healthy volunteers in this laboratory. As the oxygen consumption values are within normal range, the high cardiac output values estimated by the Fick method are related to low arteriovenous oxygen differenees. It is also to be noted that the cardiac output was quite independent of either oxygen content or oxygen extraction values. Results of simultaneous determination of the cardiac output in 40 papatients by the Fick method and in 40 patients by the Fick and dye methods (table 3) show satisfactory agreement. Correlates oxygen transp,orted to the tissue to the percentage of oxygen extracted by it in 42 cases of chronic severe anemia, 21 from each group (open and closed circles representing groups A and B respectively). Oxygen transport values have been calculated as the product of cardiac index and arterial oxygen content whereas percentage of oxygen extracted by the tissue has been taken as a ra,tio of the arteriovenous oxygen difference to the arterial oxygen content. The close relationship of peripheral vascular resistance and cardiac output is shown in figure 4 and table 2, indicating that on the whole the higher the cardiac output the lower is the peripheral vascular resistance. It is also evident that only three of 51 patients had slightly higher than normal average resistance values of 21.5 mm. Hg per liter per minute per square meter and that in more than half of the patients the resistance was less than 50 per cent of the average values.
The circulatory effects of methoxamine infusion as observed in 11 patients are summarized in table 4 . The findings are consistent in that there is elevation of the peripheral arterial pressure, bradyeardia, decrease in cardiac output, and increase in peripheral vascular resistance. The response of the pulmonary arterial pressures to methoxamine is variable; there is definite elevation of mean pressure in three subjects (no. 7, 20, and 35) CHllO" SIVUE A"E. and no significant alteration in the remaining eight.
In three patients (no. 13 , 33, and 34) atropine sulfate was simultaneously administered to study the hemodynamic response to the abolition of reflex bradyeardia and is detailed in figure 5. Data show that there is consistent increase in the heart rate while the elevated systemic arterial pressure is being maintained. The cardiac index tends to increase but does not reach the premethoxamine level. The effect on stroke index and pulmonary arterial pressures is variable.
Circulatory Adjustments in Treated Anemia
Cardiac Output, Heart Rate, and Stroke Volume Cardiac output values, re-estimated in 25 subjects when their hemoglobin level was 10 to 12.5 Gm. per 100 ml. (table 5, fig. 6 ), were significantly reduced (11 to 91 per cent, average 37 per cent) in 17 of the 21 patients whose output initially was elevated (more than 5.0 liters per minute per square meter), whereas they were increased in four subjects (no. 35, 38, 41, and 46) who initially had normal output. It is also to be noted that the cardiac output whern restudied was normal (2.5 to 5.0 liters per minute per square meter) A m only in 10 and elevated in the remaining 15 subjects. In no instance was a low cardiac -6 output encountered either before or after the treatment. The heart rate did not change sig-5 nificantly (± 10 beats a minute) in 17 patients, decreased in seven, and increased only in one patient. The stroke index did not change appreciably (± 10 ml. per beat per square meter) in seven, decreased in 12, and increased in six subjects. or no change in the mean pulmonary arterial pressures. Both the right and left ventricular work loads were either decreased or remained unchanged, whereas the pulmonary and peripheral vascular resistances increased considerably after correction of the anemia.
Oxygen Data
The oxygen consumption, transport, and arteriovenous oxygen difference values showed an average increase of 29 ml., 277 ml. per liter per square meter, and 17 ml. per liter, whereas the oxygen extraction is decreased by 23 per cent (table 7) .
Discussion Anemia and High Cardiac Output
From the data presented it is evident that elevated cardiac output is a common finding in patients with chronic severe anemia. In the Circulation, Volume XXVIII, September 1963 present series over 80 per cent of the patients had a cardiac index higher than the upper limit of our normal value of 5.0 liters per minute per square meter as obtained by studying 65 normal healthy volunteers. If the study was restricted to patients with hemoglobin of less than 4 Gm. per 100 ml. as represented by group A cases, then over 95 per cent of the patients would have had significantly elevated cardiac output. Similar high cardiac output values have been reported by others. [10] [11] [12] [13] [14] The present findings do not support the views expressed by Porter and James8 and Sanghvi et al.,15 that the hyperkinetic circulatory state may be absent in patients with chronic severe anemia who have a normal or slow heart rate. Porter and James based their assumption on clinical impression without de- termining the cardiac output, while Sanghvi and associates estimated the cardiac output from a nomogram suggested by Jackson20 for the calculation of stroke volume. To evaluate the applicability of Jackson's nomogram, the stroke volumes of 13 patients with heart rates of 80 or less a minute and 12 patients with heart rates of 110 or more were calculated from the nomogram. The values thus obtained ( fig. 7 ) are significantly different from those estimated by the dye method. Cardiac output in patients with chronic severe anemia with normal heart rate estimated by Jackson 's nomogram may not indicate the true circulatory kinetics of these patients.
Determinant of High Output
Although patients with tachyeardia as a group had higher cardiac outputs than those with normal heart rates, no direct correlation between the cardiac output and the heart rate could be established. On the other hand, as observed by Whitaker'3 and Bishop et al., '4 stroke volume appears to bear a closer rela-Circulation, Volume XXVIII, September 196.2 tionship to the cardiac output and probably is an important determinant of the high output. Increase in the velocity of the blood flow as measured in this study by the dye-appearance time is in agreement with the findings of Blumgart and Altschule,21 but could not be related to the cardiac output. It is possible that if a more precise method of estimating the velocity of blood flow was employed, the results might have been different. However, the available data indicate that stroke volume is more closely related to the elevated cardiac output than tachyeardia or increased velocity of blood flow.
Higher cardiac output was seen more often in group A patients, but the level of cardiac index could not be directly correlated to the hemoglobin or oxygen-content levels. This lack of linear relationship between the cardiac index and the oxygen content may be due to peripheral compensatory mechanism whereby the percentage of oxygen extraction is inereased as the oxygen content of the arte- Comparison of stroke index as calculated by Jackson's nomogram20 and as obtained by dye method in The incidence of peripheral congestion due to renal retention of salt and water23-25 in patients with chronic severe anemia is not uncommon, but the occurrence of elevated right heart filling pressure is infrequent. In the present study this was observed only in three patients. The cardiac output values of these three patients are no higher than those of others. Our observations seem to differ from those of Sanghvi et al.,15 who noted higher cardiac output in patients with congestive heart failure and tachyeardia. Furthermore, no correlation could be established between the right atrial pressure and the cardiac output as already pointed out by others. 10' 11, 13 We, however, do not agree with Judson26 that right and left ventricular work remain normal. On the contrary, our findings support the observation of Leight et al.,'2 that work load of both the ventricles increases considerably.
Cardiac output and peripheral arteriolar resistance show significant inverse relationship, the higher the cardiac output the lower is the vascular resistance. The reduction of the peripheral vascular resistance as the key determinant of high cardiac output as postulated by Youmans24 may be true; the present data, however, do not indicate whether the high output is a result of reduced peripheral vascular resistance or the reduction of the peripheral vascular resistance is a homeostatic mechanism to maintain normal blood pressure in response to an elevated cardiac output. An attempt was made to study the hemodynamic response to the elevation of the peripheral arterial pressure by methoxamine, which has no direct action on the heart. The circulatory effects of methoxamine as observed in the 11 patients were consistent in that the peripheral arterial pressure was significantly elevated, the heart rate was definitely slowed, the cardiac output diminished, and the peripheral vascular resistance increased. The right heart filling and pulmonary arterial pressures showed no consistent change, and the ventricular work increased. When the reflex bradyeardia was abolished by atropine while still maintaining elevated peripheral arterial pressure, the cardiac output still remained diminished, indicating that the decrease in the cardiac output was not solely due to the bradyeardia. It would appear that cardiac output in patients with chronic severe anemia can be decreased by increasing the peripheral arterial pressure. It should be noted, however, that the present observations were the immediate effects of vasopressor drugs, and the circulatory adaptations to chronic elevation of systemic arterial pressure cannot be predicted from these findings.
Circulatory Changes in Treated Anemia
When cardiac output was re-estimated in treated subjects, some correlation was apparent to the values prior to the treatment.
Circulation, Volume XXVIII, September 1963 Patients who had elevated output showed significant reduction, whereas it increased in four patients who had normal cardiac output before the treatment. Furthermore, only 10 subjects had normal cardiac output (2.5 to 5.0 liters per minute per square meter), whereas the other 15 had elevated cardiac output. It is to be noted that when these patients were restudied their hemoglobin values were only 10.0 to 12.5 Gm. per 100 ml. (average 10.8), and different cardiac outputs might have been obtained if these patients were studied with hemoglobin levels of 14.0 Gm. per 100 ml. or more. However, no linear relationship could be established between the rise in the hemoglobin level and the reduction in the cardiac output. It is also possible that patients who once become hyperkinetic may take a much longer time for the cardiovascular adjustment, even after the correction of the anemia. Only long-term repeat studies with the same hemoglobin level can verify this assumption.
While reduction in the cardiac output after correction of the anemia is anticipated, the increases in the cardiac outputs in the four eases need some scrutiny. Cardiac output increase in case 41 is within the error range (5 per cent), whereas case 35 initially had a high right ventricular end diastolic pressure of 11 mm. Hg, and the lower output may be due to a failing heart. On the other hand, another patient (case 4) who also initially had a high right ventricular filling pressure of 15 mm. Hg did not show an increase in cardiac output after the treatment of anemia. As the effect of intracardiac digitalis was not evaluated during the study, the possible involvement of a myocardial factor in one and not in the other cannot be suggested. We have no explanation to offer about cases 41 and 46, except that both these patients were bedridden and it is possible that the oxygen demand of the tissue was met by increased tissue extraction4 and as the general condition improved higher cardiac flow was also necessary to meet the tissue demand.
The apparent discrepancy between the cardiac output values and the stroke volume can Circulation, Volume XXVIII, September 1963 be satisfactorily accounted for by the inconsistent changes in the heart rate. The velocity of the blood flow, as represented by the appearance time of the dye from the pulmonary to the femoral artery, does not show consistent changes and cannot be related to the changes in the cardiac output. However, even in the restudied patients the stroke volume rather than the heart rate or the velocity of the blood flow shows a better correlation to the cardiac output.
Although right heart filling pressure did not appear to be a major determinant of elevated cardiac output in patients with chronic severe anemia, the restudy data show an appreciable decrease in the pressure values after treating the anemia. Here again, the altered cardiac output cannot be related to the right heart pressure changes. The rise in the mean systemic arterial pressure when the anemia is corrected and the cardiac output is relatively diminished has also been observed by Whitaker.'3
The average oxygen consumption values as observed in 11 subjects are somewhat higher after correction of their anemia but the scatter is not uniform and probably is not significant. On the other hand, because of the increase in the hemoglobin level and normal or elevated cardiac output, the oxygen transport values increased appreciably and less oxygen was extracted by the tissues. Also there was definite widening of arteriovenous oxygen difference values after the treatment of the anemia.
Summary
Data on the cardiac output and eirculatory dynamics obtained by cardiac catheter studies in 51 subjects with chronic severe anemia are presented. Patients are divided into two groups: group A consists of 26 subjects with an average hemoglobin value of 3.0 Gm. per 100 ml. (range 1.5 to 3.8 Gm.); group B, 25 patients with a hemoglobin level of 4.0 to 6.5 Gm., average 4.5 Gm.
Group A subjects have a somewhat faster heart rate (99 against 92 a minute), higher cardiac index (8.0 versus 6.3 liters per minute per square meter), and stroke index (88 anid 68 ml. per beat per square meter) tlhan group B patients.
The oxygeni consumption values in b)oth groups are niormwal (average 1,58 and 160 nil. per minute per square meter), while more oxygen is extracted by th-e tissue in group A subjects (61 and 53 per eent) whereas less oxygen is transported to the tissue (261 and 321 ml. per minute per square meter).
The stroke volume seems to bear a closer relationship to the high cardiac output than such other parameters as heart rate, right heart filling pressure, and velocity of blood flow. Apparently the presence of slow heart rate does not negate high cardiac output.
Data also suggest that systemic vascular resistance may play an important role in the high cardiac output as the two are inversely related, and by inereasing the peripheral arterial pressure the output can be siganificantly reduced.
Restudy data after the treatment of the anemia (hemoglobin 10.0 to 12.5 Gui. per 100 ml.) show appreciable reduction in the cardiac output and in the right heart fillingo pressure, increase in the peripheral vascular resistance and oxygen transport values, and widening of the arteriovenous oxygen differelnces with concomitan-t decrease in the oxygen extraction by the tissue.
